Many recent studies have shown that excitatory synapses can contain NMDA receptor responses in the absence of functional AMPA receptors and are therefore postsynaptically silent at resting membrane potentials. The activation of silent synapses via the rapid acquisition of AMPA receptor responses may be important in synaptic plasticity and neuronal development. Our recent immunocytochemical studies that used cultured hippocampal neurons have provided evidence for "morphological silent synapses" that physically contain NMDA receptors but no AMPA receptors. Here we show that the activation of NMDA receptors by spontaneous synaptic activity results in the rapid recruitment of AMPA receptors into these morphological silent synapses within minutes. In parallel, we find a significant increase in the frequency of AMPA receptor-mediated miniature EPSCs (mEPSCs). NMDA receptor activation also results in a mobilization of calcium/calmodulin (CaM) kinase II to synapses and an increase in the phosphorylation of surface AMPA receptors on the major CaM kinase II phosphorylation site. These results demonstrate that AMPA receptors can be modified and recruited rapidly to silent synapses via the activation of NMDA receptors by spontaneous synaptic activity.
In the CNS the majority of excitatory synaptic transmission occurs at glutamatergic synapses and is mediated via the AMPA-, NMDA-, and kainate-type glutamate receptors (Hollmann and Heinemann, 1994) . Models of synaptic plasticity, such as longterm potentiation (LTP) and long-term depression (LTD) of glutamatergic synapses, are believed to underlie the cellular basis of learning and memory in the adult brain and the activitydependent regulation of synapse formation in developing brain (Bliss and Collingridge, 1993; Malenka, 1994; Katz and Shatz, 1996) . The molecular mechanism of such synaptic plasticity, however, is not known. Current evidence suggests that activitydependent changes in synaptic strength, such as LTP and LTD, result at least in part from changes in AMPA receptor-mediated responses (Kauer et al., 1988; Muller et al., 1988; Davies et al., 1989; Liao et al., 1992) . These changes may be attributable to altered levels of AMPA receptors in the postsynaptic membrane, altered receptor properties, or a combination of these two mechanisms.
It has been reported previously that AMPA receptors are phosphorylated and dephosphorylated during LTP and LTD, respectively, and that this may lead to changes in the ion channel conductance or open channel probability of AMPA receptors during these processes (Barria et al., 1997a; Benke et al., 1998; Lee et al., 1998 Lee et al., , 2000 Derkach et al., 1999; Banke et al., 2000) . Numerous recent studies suggest that the level of synaptic AMPA receptors also can be modulated by activity-dependent mechanisms (Kim and Huganir, 1999; Turrigiano, 2000) . Both electrophysiological and morphological studies have indicated that a significant fraction of glutamatergic synapses contains NMDA receptors without detectable AMPA receptors (Isaac et al., 1995; Liao et al., 1995 Liao et al., , 1999 Durand et al., 1996; Nusser et al., 1998; Petralia et al., 1999) . Such synapses would be postsynaptically silent under normal resting potentials because of the voltagedependent blockade of NMDA receptors by magnesium (Mayer et al., 1984; Nowak et al., 1984) . Whole-cell recordings in brain slices demonstrate that such silent synapses can be activated via the acquisition of AMPA receptor-mediated responses after an LTP-inducing protocol that lasts only minutes (Isaac et al., 1995; Liao et al., 1995) . The cellular mechanism underlying this rapid acquisition of AMPA receptor responses in silent synapses is not clear.
Several groups have reported that the chronic blockade of synaptic activity with CNQX or TTX for hours or days can cause a slow modulation in the amount of postsynaptic AMPA receptors in neuronal cultures (O'Brien et al., 1998; Turrigiano et al., 1998) . It also has been reported that synaptic AMPA receptors in hippocampal cultures can be dispersed or internalized rapidly after a brief application of glutamate or an electrical LTD induction protocol (Lissin et al., 1998 Carroll et al., 1999) . Moreover, it has been reported recently that recombinant green fluorescent protein-tagged (GFP-tagged) GluR1 subunits can be mobilized rapidly to dendritic spines within minutes after a burst of high-frequency stimuli in cultured hippocampal slices (Shi et al., 1999; Hayashi et al., 2000) . However, there is no direct morphological evidence that activity can regulate rapidly the recruitment of native AMPA receptors into silent synapses.
In this paper we have analyzed the rapid NMDA receptor-and activity-dependent modulation of synaptic AMPA receptors in both low-density hippocampal cultures and high-density cortical cultures. These cultured neurons have a large number of morpho-logical silent synapses that contain clustered NMDA receptors but no detectable clustered AMPA receptors. Combining immunocytochemical and electrophysiological techniques, we demonstrate that these silent synapses rapidly become responsive to synaptically released glutamate via the recruitment of AMPA receptors after the activation of NMDA receptors.
MATERIALS AND METHODS
Neuronal cultures. L ow-density hippocampal cultures from 18-d-old embryonic rats were prepared as reported previously (Banker and Cowan, 1977) . Neurons were plated onto 60 mm Petri dishes (Becton Dickinson, Bedford, M A) at a density of 120,000 -200,000 cells per dish. Some dishes contained five coverslips per dish at a density of 1 ϫ 10 6 cells per dish. In some cultures, D,L-aminophosphonovalerate (D,L-APV; 200 M) was added to the culture medium to chronically block NMDA receptors at 5 d after plating.
High-density cortical cultures from 17-or 18-d-old embryonic rats were prepared as reported previously (Ghosh and Greenberg, 1995) . Neurons were plated onto 60 mm Petri dishes (Becton Dickinson), with some dishes containing five coverslips per dish at a density of 6 ϫ 10 6 cells per dish. Dishes that were used for biochemical experiments contained no coverslip. D,L-APV (200 M) was added into the culture medium at 4 d after plating, and the same concentration of D,L-APV was maintained until usage. Thereafter, the cortical neurons were fed twice per week with feeding medium that had been incubated with glial cells overnight.
Induction protocol for synaptic targeting of A MPA receptors. Highdensity cortical neurons chronically treated with 200 M D,L-APV were incubated in artificial C SF [aC SF; containing (in mM) 125 NaC l, 2.5 KC l, 26.2 NaHC O 3 , 1 NaH 2 PO 4 , 11 glucose, 2.5 C aC l 2 , and 1.25 MgC l 2 at 37°C plus 5% C O 2 ] in a tissue culture chamber for ϳ15-20 min. Although sometimes an increase in the number of AM PA receptor clusters was observed after the withdrawal of D,L-APV for 5 min (data not shown), a more consistent change often was induced by a treatment for ϳ15 min. In control experiments, 200 M D,L-APV was added to aC SF to block the NMDA receptors.
Withdrawal of D,L-APV alone in low-density hippocampal cultures was unable to induce a rapid mobilization of AM PA receptors. Most likely the low-density cultures lack the high levels of spontaneous activity that are necessary to provide both sufficient postsynaptic depolarization and released glutamate for the activation of NMDA receptors. In another protocol to induce synaptic targeting of AM PA receptors, we added glycine to aC SF to enhance the NMDA receptor channel opening and removed Mg 2ϩ to allow for the activation of NMDA receptors at hyperpolarizing potentials. Cultured neurons were incubated in aC SF containing 2.5 mM Ca 2ϩ , 100 M glycine, and no added Mg 2ϩ in a tissue culture chamber for ϳ15-20 min. This protocol can induce a rapid mobilization of AM PA receptors in low-density hippocampal cultures growing in culture medium either with or without D,L-APV.
Immunoc ytochemistr y. As described previously , cultured neurons were fixed successively with 4% paraformaldehyde, 4% sucrose in PBS (4°C, 20 min), and then with Ϫ20°C, 100% methanol (incubated at 4°C, ϳ10 -15 min); next the neurons were permeabilized with 0.2% Triton X-100 (4°C, ϳ10 -15 min). Coverslips with neurons were blocked in 10% donkey serum in PBS for ϳ30 -60 min and then incubated with primary antibodies dissolved in 10% donkey serum in PBS. All primary rabbit polyclonal antibodies were affinity-purified and conjugated either to C y3 (red; Amersham Pharmacia Biotech, Arlington Heights, IL) or to Fluorescein-E x (green; Molecular Probes, Eugene, OR). Mouse monoclonal primary antibodies were visualized with antimouse IgG antibodies linked to fluorescein isothiocyanate (FI TC; green), rhodamine (red), or AMCA (blue; Jackson ImmunoResearch Laboratories, West Grove, PA).
T wo rabbit polyclonal antibodies against the C terminus of the GluR1 subunit and the GluR 2/3 subunit, respectively, were used to detect AM PA receptor subunits. In most of the presented data the GluR1 and GluR2/3 antibodies were added together to detect AM PA receptors. A rabbit polyclonal antibody against the N terminus of the NMDA receptor 1 (N R1) subunit was used to detect this obligatory subunit of f unctional NMDA receptors. A mouse monoclonal antibody (M AB3119, Chemicon, Temecula, CA) was used to detect the ␣-isoform of calcium /calmodulin (C aM) kinase II (Erondu and Kennedy, 1985) .
The visual field was moved blindly to a random site on a coverslip. In coverslips that were double-stained with antibodies against N R1 and AM PA receptor subunits, we first found and focused on a pyramidal neuron under the fluorescent channel that detected the N R1 staining. Thereafter, images of both N R1 subunits and AM PA receptor subunits were sampled by a digital camera (Princeton Instruments, Trenton, NJ) and analyzed with the MetaMorph Imaging System (Universal Imaging, West Chester, PA). In coverslips that were double-stained with synaptophysin and another antibody, the staining of synaptophysin was used for searching and focusing. Both NMDA and AM PA receptor clusters were significantly brighter than their surrounding areas. Almost all of them were marked as regions of interest by the computer when we set a threshold of fluorescent intensity that was slightly higher than the distant dendritic shafts but lower than cell body and proximal dendritic shafts. We included only those regions with an area Ͼ5 pixels and Ͻ500 pixels. The upper threshold limit for this selection was used to exclude the cell body and proximal dendritic shafts, which have much larger area than spines. We used a 100ϫ objective to acquire our images (1 m ϭ 15 pixels; 1 m 2 ϭ 225 pixels). Most of the clusters were Ͻ1 m 2 because the peripheral area of the selected cluster was not included. All regions of interest marked by the computer were compared with clusters that had been identified visually by the experimenter. Poor images without sharp NMDA receptor clusters and AM PA receptor clusters were discarded. Synaptophysin and C aM kinase II clusters are not sharp enough to be counted with this method. In the high-density neuronal cultures we were not able to trace dendrites and to normalize the number of receptor clusters to dendritic length. However, we have found that the density of synapses is similar between coverslips in sister cultures and is distributed randomly on the coverslip, allowing us to analyze the number of clusters per field and reliably compare the number of receptor clusters between culture dishes. In low-density hippocampal cultures the number of receptor clusters was normalized with the dendritic length after all of the dendritic branches in an image were traced and measured manually.
Immunoblotting and biotinylation of surface proteins. Cortical neurons were grown as described in the presence of D,L-APV for 3-4 weeks and were subjected to the described induction protocol. After induction all of the dishes were cooled on ice and washed two times with ice-cold aC SF. Cultures then were incubated with aC SF containing 1 mg /ml sulfo-N HS-LC -biotin (Pierce Chemical, Rockford, IL) for 20 min on ice. Unreacted biotinylation reagent was quenched by three successive 5 min washes in ice-cold TBS (50 mM Tris pH 7.5, 150 mM NaC l). Cultures were lysed in modified RI PA buffer [1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid and (in mM) 10 NaPO 4 , 150 NaC l, 2 EDTA, 50 NaF, 10 sodium pyrophosphate, 10 iodoacetamide, 1 sodium orthovanadate, and 1 phenylmethylsulfonyl fluoride plus (in g /ml) 2 aprotinin, 1 leupeptin, 2 antipain, and 10 benzamide] on ice and then harvested with a cell scraper. Crude lysates were cleared by centrif ugation at 14,000 ϫ g for 15 min at 4°C. A portion of the supernatant was added to SDS sample buffer for use as the total input for each sample. The remaining supernatant was diluted to a final volume of 1 ml in RI PA buffer. Then 100 l of 50% NeutrAvidin agarose (Pierce Chemical) was added, and the samples were rotated for 3 hr at 4°C. Next the NeutrAvidin agarose was washed five times with RI PA buffer, and the bound proteins were eluted into SDS sample buffer by boiling for 15 min. Total protein and isolated biotinylated proteins were fractionated by SDS-PAGE and electroblotted onto Immobilon-P membrane (Millipore, Bedford, M A). Membranes were immunoblotted with affinity-purified antibodies against either GluR1 AM PA receptor subunits or the phosphorylation site-specific antibody against phosphorylated S831 of the GluR1 subunit (Roche et al., 1996; Mammen et al., 1997) . All immunoblots were visualized by ECL development (Amersham Pharmacia Biotech) and quantified on a Storm Imaging System (Molecular Dynamics, Sunny vale, CA). Surface expression was determined by calculating the ratio of the cell surface signal (signal from NeutrAvidin pull-down lane/percentage of total pull-down loaded on gel) and dividing this by the total input (signal in total input lane/percentage of total input loaded on gel) for each sample. For all experiments the input and pull-down samples were loaded on the same gels to minimize variability in different immunoblots. L oading controls were performed in all experiments to verif y the linearity of quantified signals. Reported data represent the mean Ϯ SE for the given number of dishes each for control and experimental groups harvested from four different dates of culture preparation.
Detection of phosphor ylation of A MPA receptors. A phosphorylation site-specific antibody raised against a synthetic phosphopeptide (phosphorylated on serine 831) corresponding to the C terminus of GluR1 (GluR1-S831-P) has been well characterized previously (Roche et al., 1996; Mammen et al., 1997) . This antibody was used for quantitative immunoblot analysis of total extract and cell surface proteins. Then the levels of GluR1-S831-P were compared with the respective levels of total GluR1 to determine the relative amount of the subunit population that was phosphorylated.
Electrophysiolog y. Whole-cell voltage-clamp recordings were established in high-density cortical neurons with a holding potential at Ϫ55 to Ϫ60 mV in aC SF (at 32°C, 95% O 2 /5% C O 2 ) with 200 M D,L-APV, 1 M TTX, and 100 M picrotoxin (a GABA A blocker). The internal solution in the patch electrode contained (in mM) 100 cesium gluconate, 40 H EPES, 2 Na-ATP, 0.3 GTP, 5 MgC l 2 , 5 glutathione, and 0.2 EGTA, pH-adjusted to 7.2 with C sOH. All recordings were filtered at 2 kHz. Series and input resistance was checked every 5 sec. E xperiments with a series resistance Ͼ20 M⍀ or with a change of series or input resistance Ͼ15% were discarded. There was no significant difference in the series resistances recorded at neurons with or without the withdrawal of D,L-APV (5.9 Ϯ 0.8 vs 5.8 Ϯ 0.6 M⍀; p Ͼ 0.05) and also no difference in input resistance (220.5 Ϯ 75 vs 248.3 Ϯ 25 M⍀; p Ͼ 0.05). The resting potential was slightly more negative than the holding potential (Ϫ55 to Ϫ60 mV) because the holding current was 0 to ϩ20 pA at the moment when the plasma membrane was broken through. One recording sweep lasting 200 msec was sampled for every 1 sec. Detection criteria for miniature EPSC s (mEPSC s) included peak amplitudes Ͼ3 pA and a fast rise time and a slow decay time. A typical recording lasted ϳ20 -30 min. The starting point, the peak, and the ending point of a mEPSC were identified visually. The rise time was measured as the distance between the starting point and the peak. The decay time was measured as the distance between the ending point and the peak. To minimize variability in the density and maturation of recorded cortical neurons, we performed equal numbers of testing and control experiments in neurons from the same batch of cultures each day.
Data anal ysis. All data are reported as mean Ϯ SE. Sample size n refers to the number of images processed in immunocytochemistry, the number of neurons in whole-cell recordings, and the number of dishes analyzed in biotinylation experiments. Group t test was used to test the difference between the control and testing groups, and ANOVA was used to compare differences among several groups; *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
RESULTS
We have shown previously that low-density hippocampal cultures contain many "morphological silent synapses," synapses that contain NMDA receptors but no AMPA receptors, and that the proportion of these silent synapses can be increased by chronic treatment with the NMDA receptor antagonist D,L-APV . In these previous studies, however, we were unable to obtain rapid activity-dependent changes in AMPA receptor distribution, possibly because of a low level of spontaneous activity in these cultures. To circumvent this problem, we examined AMPA receptor targeting by using high-density cortical neuronal cultures that have much higher levels of spontaneous activity (Murphy et al., 1992) . To maximize the number of silent synapses in the cortical cultures, we maintained them in NMDA receptor antagonists . Then the distribution of glutamate receptors in the cultured cortical neurons (23-26 DIV) was analyzed with the use of AMPA and NMDA receptor antibodies. The neurons were fixed, permeabilized, and double-labeled with a NMDA receptor NR1 subunit antibody directly coupled to FITC (green) and with GluR1 and GluR2/3 AMPA receptor subunit antibodies directly coupled to Cy3 (red). The cortical neurons contained a dense network of neurites with a high density of NMDA receptor clusters ( Fig. 1 A,B) . In contrast, the neurons had a diffuse distribution of AMPA receptors in the dendrites and contained few clusters of AMPA receptors ( Fig.  1 A,B) . The relatively few AMPA receptor clusters colocalized (Ͼ95%) with the NMDA receptor clusters (Fig. 1 A,B) ; however, most of the NMDA receptor clusters (55.7% Ϯ 3%; n ϭ 20) did not contain colocalized AMPA receptor clusters. The immunocytochemical labeling of both the diffuse and clustered receptors was blocked specifically by preincubation of the antibodies with the appropriate antigen (data not shown). To examine whether these receptor clusters were synaptic, we double-labeled the neurons with antibodies against NMDA or AMPA receptors and an antibody to the synaptic marker synaptophysin (Fig. 1C-F ) . Similar to low-density hippocampal cultures , Ͼ90% of the receptor clusters colocalized with, or juxtaposed to, synaptophysin immunostaining, indicating that they are synaptic. These results demonstrate that, as with the low-density hippocampal cultures, many excitatory synapses in these high-density cortical cultures are "morphologically silent" and contain clustered NMDA receptors but no colocalized clustered AMPA receptors.
Despite the large number of "silent synapses" in these cultures, whole-cell recordings of the cortical neurons showed a robust network activity (data not shown) with bursts of high-frequency spontaneous synaptic activity (with frequency Ͼ100 Hz; duration ϳ5-10 sec). We hypothesized that this activity might be able to trigger rapid NMDA receptor-dependent recruitment of functional AMPA receptors into silent synapses. To test this idea, we removed the D,L-APV from the chronically treated cortical neurons and then fixed the neurons 15-20 min later. Control neurons were maintained in D,L-APV. The neurons were fixed, permeabilized, and labeled with both GluR1 and GluR2/3 antibodies to analyze the AMPA receptor distribution. As discussed above, the cultures maintained in the presence of D,L-APV contained a large number of dendrites that had a diffuse distribution of AMPA receptors and contained few synaptic clusters of AMPA receptors (Fig. 2 A, top panels) . This was in stark contrast to cultures that had the D,L-APV removed, in which the AMPA receptors had been redistributed rapidly within the dendrites, forming clusters (Fig. 2 A, bottom panels) . In a quantitative analysis we found that the withdrawal of D,L-APV significantly increased the number of AMPA receptor clusters by 49% (from 622 Ϯ 36 to 926 Ϯ 26 per field; p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 2 D) . No significant change was observed in the number of NR1 receptor clusters (from 1340 Ϯ 50 to 1261 Ϯ 38 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig.  2 E) . Similar to the control, we found that Ͼ95% of AMPA receptor clusters were colocalized with NR1 clusters after D,L-APV removal (Fig. 2 A, bottom panels) . We estimated the proportion of silent synapses by analyzing the percentage of NR1 clusters that were not colocalized with AMPA receptors. After the withdrawal of D,L-AP the proportion of silent synapses significantly decreased from 54.1 to 26.2% ( p Ͻ 0.001; Fig. 2G ). Withdrawal of D,L-APV had no significant effect on the fluorescent intensity of either NMDA clusters or AMPA receptor clusters; however, we noticed a significant decrease in the apparent size of NR1 clusters after the withdrawal of D,L-APV (from 68.9 to 57.5 pixels; p Ͻ 0.001; 1 m ϭ 15 pixels, 1 m 2 ϭ 225 pixels; Fig. 2G ) and a small increase in the apparent size of AMPA receptor clusters (from 71 to 75 pixels; p ϭ 0.049; Fig. 2 F) .
To test whether these new AMPA receptor clusters were truly synaptic, we double-labeled ϳ26-to 30-d-old high-density cortical neurons with antibodies against synaptophysin and AMPA receptor subunits (GluR1 plus GluR2/3) after incubation with or without D,L-APV for ϳ15-20 min. As shown in Figure 2 B, almost all of the AMPA receptor clusters were colocalized or adjacent to a synaptophysin cluster after the withdrawal of D,L-APV. In another set of experiments the cultures were double-stained with an anti-synaptophysin and an anti-NR1 antibody after incubation with or without D,L-APV. Similar to AMPA receptors, Ͼ95% of the NR1 clusters were colocalized or juxtaposed to synaptophysin staining after the withdrawal of D,L-APV (Fig. 2C) . To examine whether the synaptic recruitment of AMPA receptors is attribut- able to the activation of NMDA receptors by the observed highfrequency spontaneous synaptic responses, we used TTX to block sodium channel-mediated action potentials. In the presence of TTX the withdrawal of D,L-APV had no significant effect on the number of AMPA receptor clusters (from 607 Ϯ 29 to 591 Ϯ 32 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 2 D) or NMDA receptor clusters (from 1310 Ϯ 45 to 1340 Ϯ 48 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 2 E) and the proportion of silent synapses (from 53.6 to 55.8%; p Ͼ 0.05; Fig. 2G ). To test further whether the mobilization of AMPA receptors was dependent on synaptic activity, we removed Ca 2ϩ from the aCSF bath solution to block the release of presynaptic vesicles. In aCSF with 0 mM Ca 2ϩ the withdrawal of D,L-APV did not affect the number of AMPA receptor clusters significantly (from 611 Ϯ 31 to 565 Ϯ 25 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 2 D) or NMDA receptor clusters (from 1402 Ϯ 44 to 1361 Ϯ 36 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 2 E) or the number of silent synapses (from 56.6 to 58.4%; p Ͼ 0.05; Fig. 2G ). These results indicate that activation of NMDA receptors can induce a rapid mobilization of AMPA receptors into morphological silent synapses that previously contained only NMDA receptors but no AMPA receptors.
We next wanted to determine whether the new synaptic AMPA receptor clusters were present on the cell surface. Using the same induction protocol, we labeled the surface GluR1 receptors on live neurons with an antibody against the N terminus of GluR1. Withdrawal of D,L-APV significantly increased the number of surface GluR1 clusters (from 672 Ϯ 45 to 976 Ϯ 37 per field; p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 3A ,B) but had no significant effect on the number of NR1 clusters (from 1330 Ϯ 43 to 1328 Ϯ 38 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 3A,B) . The proportion of morphological silent synapses significantly decreased from 50.2 to 26% ( p Ͻ 0.001; Fig. 3B ).
LTP induction results in the long-lasting increases in AMPA receptor responses. To examine whether the synaptic recruitment of AMPA receptors in our system is a long-term effect, we removed D,L-APV from the neurons for 15 min and then placed them back into culture medium containing D,L-APV for 2 hr. Under these conditions we observed a persistent increase in the number of AMPA receptor clusters (from 434 Ϯ 18 to 685 Ϯ 19 per field; p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 4 A,B) and a persistent decrease in the amount of silent synapses (from 65 to 46%; p Ͻ 0.001; Fig. 4 A,B) .
To rule out that the mobilization of AMPA receptors was induced directly by action potentials via NMDA receptorindependent pathways, we added TTX to the aCSF bath solution to block action potentials and then removed D,L-APV and Mg 2ϩ in the presence of exogenous glycine to allow for the activation of NMDA receptors by the spontaneous release of glutamate. Although not as dramatic, under this condition the withdrawal of D,L-APV also significantly increased the number of AMPA receptor clusters (from 468 Ϯ 26 to 592 Ϯ 15 per field; p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 5A,B) , had no effect on the number of NR1 clusters (from 1167 Ϯ 36 to 1116 Ϯ 29 per field; p Ͼ 0.05; n1 ϭ 20, n2 ϭ 20; Fig. 5A,B) , and decreased the number of silent synapses significantly from 59.8 to 46.7% ( p Ͻ 0.001; Fig. 5B ).
Interestingly, a similar protocol also could be used to recruit rapidly the AMPA receptors in low-density hippocampal cultures despite the low intrinsic activity in these cultures. As with the TTX-treated cortical cultures, the activation of NMDA receptors in the low-density hippocampal cultures by D,L-APV and Mg 2ϩ removal in the presence of exogenous glycine increased the number of AMPA receptor clusters (from 29.7 Ϯ 3.3 to 88.8 Ϯ 8.0/100 m of dendrite; p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 6 A,B) and reduced that number of silent synapses at hippocampal neurons from 73.8 to 23% (Fig. 6C) . After this paradigm the silent synapses almost disappeared in one-half of the analyzed neurons, in which almost all of the AMPA clusters were colocalized with NR1 clusters (Ͼ90%; Fig. 6 A, bottom two panels) . The recruitment of AMPA receptor to synapses also could be observed in the absence of chronic treatment of the neurons with D,L-APV. Although the initial proportion of silent synapses in cultures grown in normal medium was lower than the D,L-APV-treated cultures, the removal of Mg 2ϩ in the presence of exogenous glycine increased the number of AMPA receptor clusters from 55.4 Ϯ 4.8 to 98.6 Ϯ 7.3/100 m of dendrite ( p Ͻ 0.001; n1 ϭ 20, n2 ϭ 20; Fig. 6 E) and decreased the proportion of silent synapses (from 53.4 to 18.2%; Fig. 6 F) .
If the AMPA receptors delivered into silent synapses were functional, we would expect to see a parallel increase in mEPSC responses after the withdrawal of D,L-APV. We induced synaptic n2 ϭ 12; Fig. 7A,B) , although it had a negligible effect on the mean peak amplitude (from 12.3 Ϯ 0.6 to 12.1 Ϯ 0.7 pA; p Ͼ 0.05; Fig. 7C ), rise time (from 2.4 Ϯ 0.1 to 2.5 Ϯ 0.1 msec; p Ͼ 0.05), and decay time (from 8.9 Ϯ 0.5 to 8.9 Ϯ 0.4 msec; p Ͼ 0.05; Fig.  7C ). In the presence of TTX the withdrawal of D,L-APV no longer had any obvious effect on the frequency of mEPSCs (from 1.1 Ϯ 0.25 to 0.93 Ϯ 0.11 responses/200 msec; p Ͼ 0.05; n1 ϭ 6, n2 ϭ 6; Fig. 7B ). In aCSF with 0 mM Ca 2ϩ the withdrawal of D,L-APV also had no significant effect on the frequency of mEPSCs (from 0.87 Ϯ 0.14 to 0.84 Ϯ 0.12 responses/200 msec; p Ͼ 0.05; n1 ϭ 9, n2 ϭ 9; Fig. 7B ). These results suggest that silent synapses can acquire AMPA receptor-mediated responses after the activation of NMDA receptors by the spontaneous synaptic activity. Although we did not detect a significant change in the mean amplitude of mEPSCs after D,L-APV removal, the distribution of the mEPSC amplitudes shifted and contained higher percentages of large (Ͼ30 pA) and small (Ͻ10 pA) mEPSC responses (Fig. 7D) . Many previous reports have indicated that CaM-dependent kinase II plays a critical role in the induction of LTP (Silva et al., 1992; Giese et al., 1998; Soderling and Derkach, 2000) . Recent studies also have shown that CaM kinase II is recruited rapidly to synapses after LTP induction in hippocampal slices (Ouyang et al., 1997 (Ouyang et al., , 1999 Shen and Meyer, 1999) , where it phosphorylates the AMPA receptor GluR1 subunit of the AMPA receptor (Barria et al., 1997b; Lee et al., 2000) . To examine whether similar processes occurred in the high-density cortical cultures, we analyzed the distribution of CaM kinase II and the phosphorylation of GluR1 before and after D,L-APV removal. Using immunocytochemical techniques with CaM kinase II antibodies, we found that, similar to LTP in hippocampal slices, the activation of NMDA receptors in cortical cultures induced a rapid mobilization of CaM kinase II to synapses (Fig. 8 A,B) . In contrast, no corresponding increase was observed in the control cultures maintained in D,L-APV (Fig. 8 A,B) . Moreover, using Western blot techniques with a phosphorylation site-specific antibody against the major CaM kinase II site on GluR1 (serine 831), we found that phosphorylation of serine 831 was significantly increased in total cell extracts (0.227 Ϯ 0.010 to 0.418 Ϯ 0.034; p Ͻ 0.005; n1 ϭ 6, n2 ϭ 6; Fig. 8C,D) . Interestingly, this increased phosphorylation occurred preferentially on surface receptors isolated with the use of surface biotinylation techniques (from 0.132 Ϯ 0.008 to 0.317 Ϯ 0.028; p Ͻ 0.001; n1 ϭ 6, n2 ϭ 6; Fig.  8 E,F ) . Subtraction of the GluR1-S831-phospho surface signal from the GluR1 total reveals that, although phosphorylated at a basal level, there is only a small, but nonsignificant, increase in GluR1-S831 phosphorylation of intracellular AMPA receptors (from 0.336 Ϯ 0.137 to 0.421 Ϯ 0.174; p Ͼ 0.05; n1 ϭ 6, n2 ϭ 6). Phosphorylation of GluR1 serine 845 was not detectable in these experiments (data not shown). These results demonstrate that the activation of NMDA receptors by spontaneous activity in cultured cortical neurons can induce coincident and rapid translocation of AMPA receptors and CaM kinase II to synapses and increased CaM kinase II phosphorylation of the GluR1 AMPA receptor subunit.
DISCUSSION
Changes in AMPA receptor-mediated responses have been proposed to be important to various forms of synaptic plasticity, including LTP and LTD (Raymond et al., 1993; Kim and Huganir, 1999; Turrigiano, 2000) . Electrophysiological studies have reported that a significant proportion of synapses in the CNS contains NMDA receptor responses, but no AMPA receptor responses (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996) . Such synapses would be functionally silent at normal resting membrane potentials because of the voltage-dependent blockade of NMDA receptors by Mg 2ϩ (Mayer et al., 1984; Nowak et al., 1984) . These silent synapses progressively become active via the acquisition of AMPA receptor-mediated responses during neuronal development and can be activated rapidly during LTP (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996; Wu et al., 1996) . Recent evidence has suggested that the activation of AMPA receptor responses is attributable to rapid changes in the level of synaptic AMPA receptors (Shi et al., 1999; Hayashi et al., 2000) . In these previous studies it was shown that recombinant GFP-tagged GluR1 subunits expressed in organotypic hippocampal slices can be recruited to synapses by LTP-inducing stimuli (Shi et al., 1999; Hayashi et al., 2000) . In this current study we combined immunocytochemical, biochemical, and electrophysiological techniques to study the NMDA receptor-dependent synaptic delivery of native AMPA receptor subunits in both highdensity cortical and low-density hippocampal neuronal cultures. We predicted that high levels of spontaneous synaptic activity in cortical neuronal cultures might be able to activate NMDA receptors in a way similar to tetanus stimulation, a method often used to induce LTP. To increase the number of silent synapses in our cultures, we chronically treated the cultures with D,L-APV, starting at a very early stage of in vitro development. Similar to our previous studies in low-density hippocampal cultures, D,L-APV treatment produced a large proportion of silent synapses in these high-density cortical cultures (Rao and Craig, 1997; . After the withdrawal of D,L-APV the vast majority of dendrites that previously contained diffusely distributed AMPA receptors rapidly acquired clustered AMPA receptors. Withdrawal of D,L-APV also induced a parallel increase in the frequency of mEPSC responses. A blockade of spontaneous activity by TTX or 0 mM Ca 2ϩ prevented this synaptic delivery of AMPA receptors. These results indicate that the high levels of spontaneous synaptic activity in high-density cortical cultures can induce a rapid NMDA receptor-dependent mobilization of AMPA receptors into silent synapses. In addition, we found that we could circumvent the low level of spontaneous activity in low-density hippocampal cultures and rapidly recruit AMPA receptors to synapses by activating NMDA receptors via the removal of D,L-APV and Mg 2ϩ in the presence of glycine. Our results are similar to a recent study published after the completion of this work, showing NMDA receptor-dependent synaptic insertion of AMPA receptors in cultured dissociated hippocampal neurons (Lu et al., 2001) .
Interestingly, the redistribution of AMPA receptors in these cultures is remarkably similar to the recently reported change of GFP-tagged GluR1 subunits induced by a tetanus stimulation in organotypic hippocampal slices (Shi et al., 1999) . This similarity suggests that the redistribution of AMPA receptors in these two systems may be induced by similar cellular processes. In this study we further demonstrated that these newly acquired AMPA receptor clusters were located in synapses that were labeled by antibodies against NMDA receptor NR1 subunits and synaptophysin. This indicates that the previously silent synapses in these cultures were activated by the recruitment of native AMPA receptors. These data provide additional direct evidence that the activation of silent synapses may mediate, in part, the long-term potential of synaptic transmission.
Previous studies have demonstrated that the GluR1 subunit is a substrate for CaM kinase II, PKC, and PKA (Roche et al., 1996; Barria et al., 1997b; Mammen et al., 1997) and that phosphorylation of the GluR1 subunit can increase AMPA receptor ion channel function (McGlade-McCulloh et al., 1993; Roche et al., 1996; Barria et al., 1997a,b; Benke et al., 1998; Derkach et al., 1999) . Recent studies in hippocampal slices have suggested that the modulation of AMPA receptor ion channel properties by protein phosphorylation may be important in LTP and LTD (Soderling and Derkach, 2000) . It has been reported that LTP induction in slice preparations or glutamate treatment of neuronal cultures induces the rapid recruitment of CaM kinase II to excitatory synapses (Ouyang et al., 1997 (Ouyang et al., , 1999 . Moreover, LTP induction increases CaM kinase II phosphorylation of serine 831 on the GluR1 subunit (Barria et al., 1997a; Banke et al., 2000; Lee et al., 2000) . As seen in these LTP studies in hippocampal slices, we also observed a rapid synaptic targeting of CaM kinase II and an increase in GluR1-S831 phosphorylation. This phosphorylation and its effect on channel kinetics may account in part for the observed changes in the distribution of mEPSC amplitudes, but it is not clear whether the synaptic delivery of AMPA receptors and the changes in mEPSC frequency require the phosphorylation of serine 831. It is certainly possible that phosphorylation of this site regulates synaptic trafficking of the AMPA receptor in addition to regulating channel function. However, the regulation of synaptic recruitment of AMPA receptors may be via a distinct mechanism, which occurs in concert with and complements the modification of channel properties. The molecular and cellular mechanisms that regulate the mobilization of AMPA receptors into postsynaptic silent synapses are still not clear. Studies in several laboratories have suggested that proteins that interact with AMPA receptor subunits, such as the PDZ-containing proteins GRIP1/2/ABP, PICK1, and SAP97 as well as membrane fusion factor NSF, may regulate the function of AMPA receptors (Dong et al., 1997 (Dong et al., , 1999 Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998; Li et al., 1999; Noel et al., 1999; Hayashi et al., 2000) . Future studies will be needed to elucidate the role of these proteins in LTP and the mechanism for the coupling of CaM kinase II activation to the regulation of AMPA receptor distribution. The probability of mEPSC responses over a wide range of peak amplitudes. In all, 50 consecutive sweeps were selected from each recorded neuron and pooled to calculate the probability for mEPSC responses occurring at each 1 pA interval of peak amplitude. **p Ͻ 0.01. Figure 8 . CaM kinase II is mobilized rapidly into synapses, and phosphorylation of GluR1-S831 is upregulated in response to the synaptic targeting of AMPA receptors. A, B, Double staining of high-density cultured cortical neurons by antibodies against AMPA receptor subunits (GluR1/2/3) and an antibody against CaM kinase II (CaMK II ) after the neurons were incubated in aCSF in the presence ( A) and absence ( B) of D,L-APV. Bottom panels in A and B show enlarged images (2ϫ) of GluR1/2/3 (left), CaMK II (middle), and overlay of GluR1/2/3 (red) and CaMK II (green). C, Representative immunoblots of total proteins (in duplicate) immunoblotted with either anti-GluR1-C or anti-GluR-S831-P from control (D,L-APV to D,L-APV) and experimental (D,L-APV to aCSF) conditions. D, Quantitative analysis of immunoblots comparing the relative ratio of anti-GluR-S831-P immunostaining with anti-GluR1-C ( y-axis) from control and experimental conditions. E, Similar blots as in C, but depicting two representative examples from isolated surface proteins. Arrowhead indicates the GluR1-S831-P band. F, Quantitative analysis of surface proteins comparing anti-GluR-S831-P with anti-GluR1-C ( y-axis). **p Ͻ 0.01; ***p Ͻ 0.001.
